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S-1   ENERGY ESTIMATION FROM KiK-net SURFACE STATIONS 
Figure S1 shows  ER_raw (black dots)  and ER_GR (green dots) for the 29 earthquakes listed 
in Table 1 as a function of distance (top) and azimuth (bottom) estimated from the KiK-net 
surface stations.   The black and green dashed lines indicate the median. 
 
S-2   ENERGY ESTIMATION FROM K-NET STATIONS 
Figure S2 shows  ER_raw (black dots)  and ER_GR (blue dots) for the 29 earthquakes listed 
in Table 1 as a function of distance (top) and azimuth (bottom) estimated from the K-NET 
surface stations.   The black and blue dashed lines indicate the median. 
 
S-3   THE v2 AMPLIFICATION FACTOR 
 
Figure S3 shows the v2  amplification factor (ER from the surface record/ ER from the 
downhole record of KiK-net stations) for the 29 earthquakes listed in Table 1. The results for 
every station are shown as a function of distance. 
 
S-4 SITE RESPONSE 
 In this paper, we take advantage of the dense down-hole stations of the NIED KiK-net to 
avoid the complexity caused by near-surface structures, especially very low-velocity soft 
structures. However, although we do not use surface stations, some stations have very large  v2 
amplification factors, suggesting that even the downhole station at these sites may be affected by 
the shallow structure.  Thus, we examine the effect of site response on our energy estimation.  
Also, if our method is used in the place where downhole stations do not exist, it is important to 
assess the effect of site response.  
 Detailed discussion on the site response is beyond the scope of the present study. 
However, since this is an important question, here we address some relevant issues. Site response 
is an extremely complicated matter. Ground-motion  amplification depends on the details of 
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shallow structure, the depth of the downhole sensor, the period of the incoming wave, and even 
the back azimuth at the station. We do not think that we can correct for the complex site effects 
accurately enough with simple numerical methods.  The point of our study is to avoid this 
problem by using the unique down-hole station network.   
 We choose Vs30 as a parameter to characterize the site. Vs30 is the S-wave speed 
averaged over the top 30 m from the free surface.  M. Andrin (written communication, 2019) 
computed Vs30 for most KiK-net stations from the site information given in the KiK-net 
website.  We first examine how the site amplification varies with Vs30.   Figure S3 shows that 
Events #14 E. Shizuoka (Mw=5.7), #15 Ibaraki (Mw=5.9), #19 Chiba (Mw=6.0), #26 Ibaraki 
(Mw=5.6), #27 Shimane (Mw=5.7), and #28 Osaka (Mw=5.6) display large variations of v2 
amplification factors, while the other events have relatively small variations.  Figure S4a, b, c, 
and d show the v2 amplification factors as a function of Vs30 for events #27, 28, 14, and  
15.  We can see a clear decreasing trend of site amplification with Vs30.  These are relatively 
small events (Mw≤6) in our data set. 
 In contrast, v2 amplification is relatively small with little dependence on Vs30 for larger 
events, # 12 Iwate-Miyagi (Mw=6.9) and #24 Kumamoto (Mw=7.0) (Figure S4e and f).  This 
difference is due to the ground-motion spectrum of large events being dominated by longer 
period waves.  Thus, Vs30 can have strong influence on the amplitude of ground motion velocity 
at the surface, especially for smaller events. 
 However, the ground motion measurements in the downhole are not affected by Vs30 
as shown in Figure S5.  Each panel of Figure S5 compares the v2 amplification factor (red circle) 
and the energy metric ER_GR measured at downhole. For all the events shown, even if the v2 
amplification factor at some stations is very large (>30), ER_GR measured at the downhole of the 
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same station is not affected, being within the normal scatter of the measurements.  Thus, we 
conclude that ER_GR measured at downhole sites is not affected by the soft surface structures. 
 These results can be verified by comparing the waveforms at the surface and downhole 
for several different frequency bands.  Figures S6 and S7 show the waveforms observed for the 
2016 Tottori earthquake (# 25, Mw=6.2) at stations TTRH02 and TTRH03 with a v2 amplification 
factor of 3.4 and 56, respectively.  The near-surface Vs structures for TTRH02 and TTRH03 are 
compared in the lower-right figure of Figure S6.  Both have very low surface velocities with 
Vs30=366 m/s and Vs=266 m/s for TTRH02 and TTRH03, respectively. For station TTRH02, 
although the unfiltered records are significantly different between the surface and down-hole, the 
difference is almost negligible at 1 Hz or lower.  Even for the extreme station TTRH03 (Figure 
S7), the effect of site response is almost negligible at 0.5 Hz (2 s). In other words, even for the 
extreme case of TTRH03, for the period we are concerned with, the waveform at 0.2 km depth is 
essentially the same as that at the surface, just like the case shown by figure A1 of Park and Ishii 
(2018). Thus, we can assume that the interference effect is not significant at period longer than 2 
s even for the extreme case; the effect is less significant in most other cases. 
 
S-5  EFFECT OF FREE SURFACE REFLECTION 
 There is some concern that the waveforms at downhole sites may be perturbed by 
reflected waves from the free surface.  We did not specifically check whether surface reflections 
are seen on the record, but for the relatively long-period signals we use, the reflected signals are 
not distinct. Since 90 % of the downhole sensors are shallower than 500 m (see Figure 2b, also 
Park & Ishii 2018; Obara et al. 2005; Okada et al. 2004), if the structure is relatively simple, the 
difference in the waveforms between the surface record and the downhole record is very small as 
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demonstrated by figure A1 of Park & Ishii (2018). For very deep (e.g., 2 km) down-hole sensors, 
the waveforms can be distorted, and energy estimation can be affected. However, these deep 
records are very few (about 5 %, Figure 2b, also Park & Ishii 2018, Obara et al. 2005, Okada et 
al. 2004), and we did not remove the estimates from deep sensors in our median estimations.  
The 20180618 Osaka event is a special case for which 5 out of 37 stations we used are deeper 
than 500 m. However, as shown in Figure S8, the ER_GR estimates from these stations are not 
significantly different from other stations at a shallower depth.  Removing ER from these stations 
increases the median estimate by only 0.23x1013 J.  For other events, very deep stations are much 
fewer, and the ER_GR estimates are not affected. If the near-surface structure is complex with soft 
layers, even the waveforms at downhole site can be complex at high frequency, but at the 
frequency of our interest, the effect of the free surface is negligible as illustrated in Figures S6 
and S7. 
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Figure S1.  ER_raw (black dots)  and ER_GR (green dots) for the 29 earthquakes listed in Table 1 as 
a function of distance (top) and azimuth (bottom) estimated from the KiK-net surface stations.   
The black and green dashed lines indicate the median. 
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Figure S2.  ER_raw (black dots)  and ER_GR (blue dots) for the 29 earthquakes listed in Table 1 as a 
function of distance (top) and azimuth (bottom) estimated from the KiK-net surface stations.   
The black and blue dashed lines indicate the median. 
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Figure S3.  The energy amplification factor (ER from the surface record/ ER from the downhole 
record of KiK-net stations) for the 29 earthquakes listed in Table 1. The results for every station 
are shown as a function of distance. 
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Figure S4.  v2 amplification factor as a function of Vs30. 
 
  
 
  
 
Figure S5.  v2 amplification factor and the energy metric ER_GR plotted as a function of azimuth.  
For plotting purposes ER_GR/1x1010 are plotted.   
 
 Figure S6.  Comparison of the surface and downhole velocity records at 3 frequency bands for 
station TTRH02. 
 
 Figure S7. Comparison of the surface and downhole velocity records at 3 frequency bands for 
station TTRH03. 
 
 
Figure S8.  Comparison of energy estimates obtained at stations with different depths. The event 
considered is the 2018 Osaka event (Mw=5.7). 
